Abstract: Rice stem was repeatedly treated 3 times with subcritical water, ethanol, and 75% (v/v) ethanol in different orders at 230ºC for 5 min during each treatment step to extract its constituents. The obtained extracts were subjected to an analysis of their yield, carbohydrate content, phenolic content, radical scavenging ability, color, and UV absorption spectra. The highest total carbohydrate and phenolic contents were obtained by treatment with subcritical water, and with subcritical ethanol after pre-treatment with subcritical water, respectively. However, the extract with the highest radical scavenging ability was obtained by treatment with subcritical 75% (v/v) ethanol as the 1st treatment.
Introduction
As an agricultural waste, rice straw has been typically disposed of by open-field burning or soil incorporation. These two methods of disposal would cause environmental pollution [1, 2] . One of the potential uses of rice stem is a source for extracting carbohydrate and phenolic substances from its main constitutions; i.e., cellulose, hemicelluloses, and lignin [3] . Cellulose and lignin have a low solubility at ambient temperature in water due to the strong hydrogen bonds between the glucose molecules of cellulose and the covalent bonds in lignin [4] .
Subcritical fluid extraction is also known as pressurized liquid extraction or accelerated solvent extraction. It is an extraction method, which uses extractants at elevated temperature, while applying high pressure to maintain their liquid state. Under the subcritical state, the surface tension and viscosity of the extractants decrease with the increasing temperature. The decrease in the surface tension would increase the penetration of the extractant into the stem matrix and enhance the solubility of the constituents in the extractant [5] . When water, one of the safest solvents, is employed as the extractant, the specific name of the subcritical water extraction or hot compressed water extraction is used. Under subcritical conditions, the ion product of water increases to over 1×103 fold greater than that of water at room temperature [6] . Moreover, the dielectric constant of subcritical water decreases to those of polar organic solvents with the increasing temperature [7] , and it is further reduced by adding an organic solvent, such as ethanol [8] . The change in the dielectric constant of the extractant would change the solubility of the extracted substances, which resulted in different compositions being dissolved. Thus, employing a subcritical treatment using water, ethanol, and 75% (v/v) ethanol on the same sample would yield different extract compositions.
The subcritical aqueous ethanol treatment has been extensively used to extract carbohydrates and phenolic compounds [9] [10] [11] [12] . However, the role of subcritical water and ethanol has not been clearly understood. Therefore, the aim of this study was to use a repeated treatment using subcritical water, ethanol, and 75% (v/v) ethanol in different orders in order to investigate the role of water and ethanol in extracting carbohydrate and phenolic compounds. Additionally, the yield and UV spectra of the rice stem extract were measured, and the relationship between the color and radical scavenging ability of the extract was also established.
Experimental

Materials
A cultivated rice straw (Oryza sativa) sample from Hyogo Prefecture, Japan, was sun-dried and then kept at 4°C in a storage room. The stem was separated from the leaves and cut into 1-cm long pieces before the experiments. L-Ascorbic acid (purity>99.5%) was purchased from Nacalai Tesque (Kyoto, Japan). Gallic acid was from Sigma-Aldrich Japan (Tokyo, Japan). The Folin-Ciocalteu reagent was from ICN Biochemicals (Aurora, OH, USA). 1,1-Diphenyl-2-picrylhydrazyl (DPPH), and all other chemicals of reagent grade were from Wako Pure Chemical Industries (Osaka, Japan). Distilled water was used in all the experiments.
Preparation of extract
Rice stem was repeatedly treated 3 times using subcritical water, ethanol, and 75% (v/v) ethanol in different orders. The experimental runs are expressed in Table 1 . A The extractions were done in a 117-mL SUS-316 stainless steel vessel (30 mm i.d.×165.5 mm) assembled by Taiatsu Techno (Osaka, Japan). A 5-g sample of rice stem and 55 mL of extractant were added to the vessel, then it was tightly closed. The vessel was heated to 230ºC by a mantle heater (200 W, Sogo Laboratory Glass Works, Kyoto, Japan). A thermocouple was inserted into a tube installed in the vessel for measuring its internal temperature. Excluding the heat-up period (7.2ºC/min), the desired temperature was maintained for 5 min. From the calculation of the vapour pressure and the expansion of air in the head space, the pressure inside the vessel was estimated to be 0.33 to 3.6 MPa at 120ºC to 260ºC. Moreover, the critical temperatures of ethanol and acetone are 241ºC and 235ºC, respectively [13, 14] . The gas phase of the extractant during the treatment at 230ºC would provide the sufficient pressure for the extractants to maintain their liquid state. The vessel was then put in an ice bath for immediate cool down to room temperature after the treatment to stop the extraction. The crude extracts were Tokyo, Japan) to obtain the clarified extracts. Until used for the analysis, the extracts were stored in a refrigerator at 4°C. The treated stem was dried in a hot-air oven (DN 400, Yamato Scientific, Tokyo, Japan) at 105ºC for 3 h before the repeated treatment.
Yield of extract
A 15-mL sample of the rice stem extract was freeze-dried using an FDU-1200 freeze-dryer (Tokyo Rikakikai, Tokyo, Japan), and then placed in a hot-air oven at 105°C for 3 h. The extract yield was calculated by dividing the weight of the dry solid extract by that of the dry rice stem.
Total carbohydrate content
The carbohydrate content of the extract was measured by the phenol-sulfuric acid method with some modifications [15] .
To a test tube containing 1 mL of the appropriately diluted extract was added a 25-µL aliquot of an 80% (w/w) aqueous phenol solution and 2.5 mL of sulfuric acid. After storage at room temperature for 10 min, the test tube was put in a 30°C water bath for another 10 min. The absorbance at 490 nm was measured using an UV-1200 spectrophotometer (Shimadzu, Kyoto, Japan). The total carbohydrate content was calculated using glucose as the standard.
Total phenolic content
The 100-µL diluted straw extract was added to a test tube with 400 µL of freshly prepared Folin-Ciocalteu reagent and 1 mL of 75 g/L sodium carbonate [16, 17] . The volume of the mixture was adjusted to 5 mL by adding distilled water, and then the test tube was placed in the dark at room temperature for 2 h to complete the reaction. The absorbance at 765 nm was measured. The amount of phenolic compounds in the extracts was compared with gallic acid and was expressed as the gallic acid equivalent (mg-gallic acid/g-straw).
Radical scavenging ability
The 4-mL diluted rice straw extract and 1 mL of 0.5 mmol/L DPPH in ethanol were added to a black tube, which prevents a reaction with light. After agitation, the black tube was allowed to stand at room temperature for 20 min. The remaining radical quantity was calculated based on the absorbance measured at 516 nm. The percentage of the radical scavenging ability was computed as follows [18] : Radical scavenging ability (%) = (A -B + C)/A × 100 (1) where A is the initial absorbance of the DPPH solution, B is the absorbance of the mixture of the sample and DPPH solution, and C is the absorbance of the diluted sample without the DPPH solution. The radical scavenging ability is defined as the amount of the extract necessary to reduce the DPPH concentration by 50%. It was compared with L-ascorbic acid (VC) and expressed in mmol-VC/g-straw.
Color measurement
Colors of the rice stem extracts were measured using an NF 333 colorimeter (Nippon Denshoku Industries, Tokyo, Japan). The 0.5-mL stem extracts were added to a quartz cuvette (10×10×43 mm). The white screen, which was used to reflect light back to its source, was immersed into the liquid to attain a height of 5 mm above the cuvette bottom. The loaded cuvette was then placed in an opaque measurement chamber. The measured color was reported using the CIE color system of L* (lightness), a* (redness), and b* (yellowness).
UV absorption spectra
The stem extracts were diluted with distilled water to acquire an absorbance of less than unity for the UV measurement. The absorbance was then measured from 200 to 350 nm using a UV-1200 spectrophotometer.
Statistical analysis
All the experiments were done in triplicate. The obtained results were analyzed using Microsoft® Excel 2010 with a one-way analysis of variance (ANOVA). Figure 1 shows the relationship between the yield and total carbohydrate content of the rice stem. The yield and carbohydrate content of the extracts obtained from the 1st treatment showed a strong correlation (R = 0.91). The high correlation between total carbohydrate content and yield in the 1st treatment would be due to the fact that rice stem consists of approximately 24% hemicellulose, the main extractable carbohydrate [2] . Their correlations decreased with more repeated treatments: R = 0.74 and 0.69 for the 2nd and 3rd treatments, respectively. The decrease in the correlation might be due to the decrease in the carbohydrate content in the stem sample resulting from the repeated treatment. The yield and total carbohydrate content of the stem extracts obtained using subcritical water and 75% (v/v) ethanol for the different treatment steps were not statistically different (p < 0.05). For the extracts obtained using the subcritical ethanol, the yield and total carbohydrate content were affected by the sequence of the extraction, i.e., the yield and total carbohydrate content increased when subcritical ethanol was employed after the subcritical water treatment. Although the pre-treatment with subcritical water would loosen the cell wall structure of the rice stem due to the hydrolysis of hemicellulose and amorphous part of cellulose, ethanol alone lacks in such abilities. The hydrolysis of the amorphous part of the cellulose opened the cellulose surface cracks [19] . This would facilitate the extraction by subcritical ethanol in the following step. The yield and total carbohydrate content of the extracts obtained using the subcritical ethanol were usually inferior to those obtained using subcritical water and 75% (v/v) ethanol. This would suggest that water, which has higher polarity than ethanol [20, 21] , would be the better solvent for extracting carbohydrates from the rice stem.
Results and Discussion
Effects of the repeated treatment on the yield and total carbohydrate content
UV absorption spectra
The different UV absorption spectral patterns of the extracts obtained using the different extractants suggest different chemical compounds (Fig. 2) . The extracts obtained using subcritical water had an absorption maximum at ca. 280 nm and a shoulder at ca. 220 nm, while those of the extracts obtained using subcritical ethanol and 75% (v/v) ethanol showed a plateau around 240-260 nm. The absorbance at 280 nm would suggest the presence of various phenolic compounds, i.e., phenol acids and flavonoids [22] [23] [24] . The non-lignin compounds, e.g., the decomposition products of the carbohydrates and other extractives, would be suggested by the absorbance from 200 to 250 nm [4] .
The absorption spectra of the extracts obtained using the same extractants in the different repeated treatments showed different absorbances. The highest absorbance of the extracts obtained using the subcritical water and ethanol were those of the extracts from the 2nd treatment of runs 2 (Fig. 2a, 4 ) and 4 ( Fig. 2b, 2) , respectively. Both the subcritical water and ethanol have been reported to be able to partially hydrolyze/alcoholyze or decompose hemicellulose, lignin, and cellulose [2, 19, 25] . The hydrolysis and decomposition of the primitive cell wall structure would allow the extractant in the following treatment to extract more substances, and consequently, increase the absorbance. The highest absorbance of the extract obtained using the subcritical 75% (v/v) ethanol was that of the extract obtained from the 1st treatment (runs 5, 6 in Fig. 2c, 1 ). This implies that the subcritical 75% (v/v) ethanol does not require a pre-treatment to enhance its extraction efficiency. The extracts obtained using the subcritical ethanol in runs 3, 5, and 6, (Fig. 2b, 3 ; Fig. 2c, 3; Fig. 2c, 5 ) and subcritical 75% (v/v) ethanol in runs 1, 2, and 4 ( Fig. 2a, 3 ; Fig. 2a, 5 ; Fig. 2b, 5) showed almost the same UV spectral patterns. They were extracts obtained from the rice stem previously treated with subcritical 75% (v/v) ethanol or ethanol in either the 1st or 2nd treatment. This means that subcritical ethanol and 75% (v/v) ethanol extracted similar compounds, which reduced the amount of extractable compounds in the following repeated treatment. Therefore, similar UV absorption spectra were obtained. Fig. 3 Relationship between the phenolic content and DPPH radical scavenging ability of the rice stem extracts from 1st (), 2nd (), and 3rd () treatments. The line indicates the relationship obtained from the 3rd extraction. 
Effects of the repeated treatment on the total phenolic content and DPPH radical scavenging ability
The phenolic content of the extracts is shown in Fig. 3 together with the DPPH radical scavenging ability. Similar to the UV spectra results, the phenolic contents of the extracts obtained using subcritical water and ethanol increased when they were subsequently used (runs 2 and 4). The highest phenolic content was achieved in the 2nd treatment of run 4. The increase in total phenolic content in the 2nd treatment by subcritical ethanol might be due to the decomposition of the cellular structure occurring during the 1st treatment by subcritical water [11, 26, 27] . This hypothesis permitted subcritical ethanol to easily access the inner phenolic compounds in the 2nd treatment. As a result, the total phenolic contents became lower in the 3rd treatment. These results may suggest that the treatment might be applicable to the repeated extraction process with stepwise increase of ethanol content in subcritical fluid. During the treatment, the cellular structure would be decomposed by subcritical water followed by the effective extraction of the phenolic compounds by subcritical ethanol.
In our previous study, the DPPH radical scavenging ability of the rice stem extracts were related to the phenolic content of the extract [28] . In Fig. 3 , the extracts obtained from the 3rd treatment showed a strong linear relation between the phenolic compound and DPPH radical scavenging ability (R2 = 0.97). The reason behind this strong correlation could be that the compounds responsible for the DPPH radical scavenging ability in the extract obtained by treating with subcritical ethanol and 75% (v/v) ethanol in the 3rd treatment may be of the same origin, which was explained by their similar UV absorption spectral patterns as shown in Fig. 2. 
Effect of the repeated treatment on the color of the extracts
The rice stem extracts obtained using the subcritical water were yellow, while the color of the extracts obtained using the subcritical ethanol and 75% (v/v) ethanol were red and black, respectively. Figure 4 shows the relationships of the redness (a*) and yellowness (b*) to the lightness (L*) of the extracts. The yellowness (b*) and lightness (L*) of the extracts obtained using the subcritical ethanol and 75% (v/v) ethanol showed a strong correlation (R = 0.99). However, the redness (a*) of the extracts showed no relevance to any other parameters.
In Fig. 5 , the correlation between the lightness and DPPH radical scavenging ability of the extracts decreased with further treatment steps (R = -0.96, -0.81, and -0.64 for the 1st, 2nd, and 3rd treatments, respectively). The negative correlation between the DPPH radical scavenging ability and lightness of the extracts would mean that the source of the radical scavenging ability were from black substances. It has been reported that the black liquor is obtained from the lignocellulosic materials treated in the organosolv process, which uses an organic solvent at elevated temperature and pressure [29] [30] [31] . During this process, the hemicellulose degradation products and lignin are solubilized into the black liquor. The hydrophobic black lignin can be separated from the black liquor by precipitation [32] [33] [34] . Several reports showed that the obtained black liquor possessed the antioxidative ability [35] [36] [37] . One of the sources of the DPPH radical scavenging ability may be related to the hydrophobic lignin, which promotes the blackness in rice stem extract. The color pigments, carotenoids and chlorophyll, in the rice stem may also be the sources of the extract radical scavenging ability. Carotenoids and chlorophyll, their derived and degraded substances, have been reported to possess a radical scavenging ability [38] [39] [40] [41] [42] [43] . Furthermore, the products resulting from browning reactions, such as Maillard reactions and caramelization during subcritical water treatment, were reported to demonstrate a radical scavenging ability [44] [45] [46] .
Conclusions
Different compounds were extracted by the subcritical water, ethanol and 75% (v/v) ethanol. However, similar UV spectral patterns were obtained from the extracts obtained using the subcritical ethanol and 75% (v/v) ethanol suggesting that the same compounds were extracted. Subcritical water would be the most effective subcritical solvent to loosen the lignocellular structure and to obtain carbohydrate compounds from the rice stem. The highest phenolic content was obtained using the subcritical ethanol after the cell wall structure was loosened by pre-treatment with subcritical water. However, the highest DPPH radical scavenging ability was obtained for the extracts obtained using the subcritical 75% (v/v) ethanol in the 1st treatment. The DPPH radical scavenging ability could be related to the blackness and yellowness of the extracts. The sources of the color could be the hydrophobic lignin, stem color pigments, and browning reaction products.
